The apparaseline data under clean conditions t o e a t transfer film c o e f f i c i e n t , respectively, The secondary f l u i d loop simulates the binary cycle I n t h i s report, r e s u l t isobutane on the outside of loading, as w e l l as p r e l the isobutane inside a t rates, are presented..
was heated i n a horizontal, type 316 stainless s t e e l , i e by steam condensing on the outside. In the cond tane was condensed on the outside of a horizontal tube, a t i n the heater, by cooling a t e r inside the tube. Each instrumented tube was f i t t e d with a t o t a l f f i f t e e n thermocouples imbedded i n the wall of the tube a t f i v e i l m coefficient for condensing the e a t various pressures and condensate s u l t s on film coefficient f o r heating 4 MPa (600 psia) and various flow s t a t i o n s located equally a l o and outside wall temperature was calculated from the loc t h e i r temperatures. The he determined by measuring the of the tube under each of f vapor-traced meters. The h te released by the condensing isobutane was a l s o determined by meas on t h e outside of the t ters similar t o those i n e length of the tube. The inside he tube a t each of the f i v e s t a t i o n s . of the imbedded thermocouples and e t o the isobutane i n the heater was of condensing steam on the outside ections by means of specially designed the r a t e of isobutane condensing * Prepared for the U.S. Department of Energy, Division of Geothermal Energy, .
The temperature of the isobutane inside the heater tube was measured by a traveling platinum resistance thermometer equipped with a mixing head at its tip and the temperature of the condensing isobutane in the condenser chest was measured by a platinum resistance thermometer.
Film coefficients for the heating of isobutane in the range of 540-2100 W/m2C (95-370 Btu/hr ft2 OF) were obtained for Reynolds number between 2 x lo4 to 2 x lo5. Film coefficients for the condensation of isobutane in the range of were obtained at temperatures ranging between 49-99OC (120-2100F) and condenser loading ranging between 20-1030 Kg/hr m2 (4-210 lbs/hr ft2 most probable value of a large amount of r e l i a b l e experimental data. Unfortunately, because of the large influence sometimes exerted on heat transfer by minor and frequently unrecognized variations i n conditions, a designer can only be reasonably sure t h a t the performance of an individual-heat exchanger w i l l be within plus or minus 35 percent of the mean. Consequently, t o assure fulfillment of a performance guarantee on a design embodying a minor innovation, the designer would s e l e c t a heat transfer coefficient value a t the lower l i m i t , t h a t percent less than the mean. It must be noted here t h a t the correlation equations f o r the prediction of the heat transfer coefficients need accurate and r e l i a b l e data on the transport properties o the operating conditions. Lack of data a t these conditi designer's task d i f f i c u l t a t best. t r u e f o r designs-where the working f l u i d i s i n the s u p e r c r i t i c a l region. This is important because computer studies, LBL's GEOTHM, f o r example (Green and Pines, 19751, indicate-t a t heating of the s e in the s u p e r c r i t i c a l region r e s u l t s i n high cycle e f f i c i quently, the most effective and r e l i a b l e method f o r specifying the equipment is t o determine experimentally the value of the heat transfer coefficient a t the proposed operating conditions. This lack of data i s especially i
The Binary Fluid Experiment (BFE) was designed t o provide experimental data t o determine heat transfer coefficients of the various candidate working fluids. It W i l l establish baseline data on film coefficients f o r several l i g h t hydrocarbons s t a r t i n g with isobutane, mixtures of l i g h t hydrocarbons, r e f r i g e r a n t s and ammonia.
gathered from the BFE fQr the ranges of heating and condensing temperature and pressures that would be expected i n geothermal power plant applications.
Data w i l l be Experimental Approach Figures 1 and 2 show the schematic flow diagram and the corresponding pressure enthalpy diagram for an ideal geothermal binary cycle plant i n i t s s i m p l e s t form.
leaves the condenser a t s t a t e point 1 where it i s pressurized t o s t a t e point 2 by the condensate pump and heated by the geothermal brine i n the heater t o s t a t e point 3. There it expands isentropically t o s t a t e point 4 through the turbine where p a r t of i t s available energy i s extracted as mechanical energy. In the condenser, the f l u i d i s cooled and condensed t o s t a t e point 1 by rejecting i t s heat t water.
The saturated liquid secondary f l u i d
In transferring heat from the geothermal brine t o the secondary f l u i d i n the heater, the overall heat t r a n s f e r coefficient, U, i s pressurized bef re pump. During operating with the d i r e c t conta nser were 2 tnm (0.756 in.). thickness, the two pieces were machined oncentricity was en checked by u l t r a s o 1.6 mm (4.0 in.) i n t e ement of the tube w a l l thickness a t measurerder t o eva . .
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the film coefficient and i t s variation with time so t h a t fouling resistance, i f it e x i s t s , can be calculated. The local film coefficient, h f , is defined as the r a t i o of the heat flux, q, through the heat transfer surface t o the difference between the wall temperature, tw, and the secondary f l u i d bulk temperature, tfi, and i s given by
The heat flux, q, was determined by measuring the time required t o c o l l e c t a given amount of steam condensate per u n i t area of tube wall. The wall temperature was determined by imbedding thermocouples i n the wall of the tube, as shown i n Fig. 4 . The bulk temperature of the f l u i d inside the heater tube was measured by a traveling probe which consisted of a 6.35 mm (0.25 in.) dia. x 2540 mm (100 in.) long s t a i n l e s s steel sheathed platinum resistance thermometer equipped with a mixing head a t its t i p . Mechanisms and s e a l s were provided t o move and Locate the probe precisely inside the tube and prevent f l u i d leakage. experiment, a t o t a l of f i f t e e n thermocouples were imbedded i n the tube a t five s t a t i o n s 609.6 mm (24 in.) apart with three thermocouples located a t each s t a t i o n , as shown i n Fig. 4 . By determining the r a d i a l location of each of the thermocouples a t each s t a t i o n and the temperat u r e a t each location, one can determine the inside and outside surface temperature of the tube a t t h i s s t a t i o n regardless of t h e type of material of construction of the tube. rate input t o the secondary f l u i d between the s t a t i o n s , and measuring the temperature of the vapor outside the tube and the bulk temperature of the f l u i d inside the tube a t each of the s t a t i o n s , it i s possible t o calculate the average inside and outside film coefficients of the four sections. Also, by calculating the heat r a t e i n each section and measuring the pressure and the bulk temperature of the working f l u i d a t these s t a t i o n s , it may be possible t o determine the properties of the fluid a t each of the five stations.
In order to maximize the information output from the Thus, by determining the heat The r a t e of heat input t o the secondary f l u i d i n the heater and the r a t e of heat released by the condensing secondary f l u i d vapor i n the condenser was determined by measuring the r a t e of condensing vapor on the outside of the tubes a t the four sections. This was done by placing a four-section pan under the tube with the five ends of the sections located j u s t underneath the five thermocouple s t a t i o n s . Figure 5 shows a cross section of the heater. s h e l l , the instrumented tube with the thermocouples a t 450 from the v e r t i c a l plane, the condensate pan and a hood placed above the tube t o prevent any condensate forming on the inside surface of the s h e l l from dripping i n t o the pan. The condensate formed on the outside of the tube dripped i n t o the separate sections of the pan and drained i n t o four specially designed vapor-traced condensate flow meters. The meter had a timer t o measure the time required t o f i l l a calibrated volume. condensate surface between two predetermined levels i n the meter.
It shows the external
The timer was operated by photocells t o detect th The temperature of th sing vapor outside the tubh i n each as measured by means of a calibrated of the heaters and the co platinum resistance the thermocouples located i space. The R'm was located a t the opposite end from the vapor i n l e t , while one thermocouple was located a t the vapor i n l e t , the second h a l f w a y along the length of the s h e l l , and the t h i r d close t o the RTD. These three thermocouples were used t o check the reading of the RTD and also t o indicate the presence of superheat i n the vapor. by means of calibrated pressure transducers. The two opposing thermocouples These thermocouples were made from chromel-alumel wire of 0.038 mm (0.0015-in.) dia. enclosed inside a 0.254 mm (0.010-in.) outside diameter type 316 stainless steel sheath. tangential direction of i n s t a l l a t i o n were selected t o provide the 'accuracy needed i n determining the location of the measuring points i n the wall of the test tube, and t o minimize the e f f e c t on the temperature a t the thermoc thermocouple sheaths. length of the holes i n t , 1946) . I n order t o assess the influence of these two e f f e c t s , the imbedded thermocouples a t three s t a t i o n s , e.g., s t a t i o n s 1, 3 and 5 , were located 90° apart from the other nine thermocouples a t stat along the long the six thermocouples a t would be located on a p l a and perpendicul it may be poss f i c i e n t s f o r the position selec buoyancy and c measuring points of the 3 and 5 are located on one plane 
Data
The approach t o steady s t a t e was excellent i n the condenser part of the loop. However, steady s t a t e was not as w e l l obtained i n the heater a t low secondary f l u i d flow r a t e s due mainly t o two factors: pressure cycling in the steam b o i l e r , which caused steam temperature cycling i n the ste*am chest of the heater, and pressure cycling of the secondary f l u i d i n the heater tube due t o hunting of the expansion valve. believed t o be the cause of expansion valve hunting. of these cyclic variations ranged from 1 percent a t high flow r a t e s and t o 10 percent a t low flaw r a t e s i n some extreme cases. the pressure drop through the steam t h r o t t l i n g valve and running the b o i l e r a t f u l l load help t o reduce the variations. of the data were used i n the computations.
Variation of secondary f l u i d specific volume i s
The amplitudes
Increasing
Time average values
The data taken during each run were used t o calculate heat balances on d i f f e r e n t portions of the system as w e l l as calculating the variables needed t o compute the heat transfer film coefficient. ature of the secondary f l u i d a t d i f f e r e n t locations inside the heater tube was measured by the traveling probe a f t e r a l l other data were taken so t h a t the flow p r o f i l e of secondary f l u i d inside the heater tube, upstream from the probe, was not affected by the movement of the probe.
The bulk temper-. * -17-
Initial Results
The apparatus was designed to accept a variety of secondary fluids received the most attention as decided to start and obtain data on this fluid.
-being considered for use in inary cycle. Because isobutane has
Data were obtained at in the heater and at various saturation temperatures and condensate loadings in the condenser. range of interest, it was necessary to make runs at various temperatures and flow rates due to the lim ize of the instrumented heat transfer surface in the heater. ge pressure of 4.14 MPa (600 psia)
In order to obtain heating data over the igure 9 shows a plot of the inside heat transfer film coefficient, lculated from Eq. 2, for the heating of isobutane-at 4.14 MPa Figure 13 shows the temperature d i s t r i b u t i o n i n the heater along the length of the tube for a run where the temperature of the isobutane w a s raised approximately 500C. The top horizontal l i n e shows the steam temperature surrounding the heater tube while the bottom l i n e shows the bulk temperature of the isobutane being heated inside the tube. bulk temperature of the isobutane a t s t a t i o n s 2, 3, 4 and 5 were measured by means of the traveling platinum resistance thermometer while the temperature a t s t a t i o n 1 was determined by interpolation between the the temperature a t the i n l e t t o the tube and t h a t a t s t a t i o n 2. The c i r c l e s indicate the temperatures of the imbedded thermocouples near the inside wall of the tube. the imbedded thermo-couples near the outer wall of the tube while the diamonds indicate the temperatures of the opposing thermocouples a t the same locations.
The
The squares indicate the temperatures of Examination of Fig. 13 shows t h a t two thermocouples, the outer a t s t a t i o n 1 and the inner a t s t a t i o n 3, have failed. Consequently, the w a l l temperature a t s t a t i o n 3 could not be determined except by interpolation of temperature between s t a t i o n s 1 and 5. However, because of the shape of the isobutane bulk temperature p r o f i l e , it was not possible t o assume ' a d e f i n i t e p r o f i l e for the inner thermocouple temperatures a t s t a t i o n s 1, 3, and 5 . 2 and 4 on Fig. 13 show t h a t the temperature of the inner thermocouples a t the top of the tube are higher than those a t 900 from the top. This may be due t o secondary flows because of buoyancy e f f e c t s which have been observed by Adebiyi and Ball (1976) on heating carbon dioxide i n the s u p e r c r i t i c a l region with uniform heat flux i n a horizontal tube. They observed t h a t , depending on the distance.from start of heating and flow regime, large variations of w a l l temperatures from top t o bottom of the tube can occur causing enhancement of heat transfer a t the bottom and reduction a t the top. Their data show t h a t the w a l l temperature a t 900 i s much lower than that a t the top. Therefore, because of the objective of t h i s work, only the data collected a t s t a t i o n s 2 and 4 were used i n the calculation of the heat transfer film coefficient.
The two l i n e s connecting s t a t i o n s 1 and 5 and Another factor, the variation of condensate film thickness on the Boelter e t al., outside of the tube, although of lesser importance, can a l s o contribute t o the variation of wall temperature around the tube. (1946) showed theoretically t h a t the condensate film thickness on the outside of the tube decreases t o a minimum between 10 and 15 degrees from the top and then increases u n t i l it reaches maximum a t the bottom. This d i s t r i b u t i o n of condensate tends t o enhance the heat transfer a t the top and decrease it a t the bottom p a r t i a l l y counteracting the e f f e c t s of buoyancy inside the tube. -21-correlation while the dashed l i n e shows the best f i t l i n e using the least squares method. It seems t h a t the r e s u l t s of t h i s work show higher values for the inside film coefficient than those predicted from t h e Dittus-Boelter cor A very important factor i n the representation of data i s the source f o r the properties of isobutane because it has a s i g n i f i c a n t e f f e c t on the calculation. This is v e r i f i e d on Fig. 14 which shows the values of the thermal conductivity of liquid isobutane as a function of temperature taken from three d i f f e r e n t sources. t r i a n g l e s are taken from Natural Gasoline Supply Men's Association (19571, the diamonds were calculated using the A21 (1970) method while the circles were taken from Hanley (1976). the source of properties data w i l l a f f e c t the predicted values f o r the heat transfer film 
This i s so
The isobutane t u t b i r readings were not us of fluctuating readings caused by cyclic variation of suction pressure a t the i n l e t t o the high pressure pump. runs, the mass flow rate of t isobutane inside the heater tube was calculated from a heat balanc 2 and 4. Therefore, since no ect measurement of isobutane flow rate was available, the report on the heater are nary. However, since the conenser was measured d i r e c t l y by considered by the authors t o densation r a t e of e special flow meters, and ter inside the tube are negl e r e s u l t s on con 
